The isogenic host attachment spike protein recombinant demyelinating strain of mouse hepatitis virus (MHV) (RSA59) and the nondemyelinating strain (RSMHV2) differ in their abilities to infect distinct types of neural cells, spread from cell to cell, and induce subsequent demyelination and axonal loss. The differential demyelination properties of RSA59 and RSMHV2 may be a function of spike protein-mediated neuronal transport. Disruption of microtubules with colchicine and vinblastine significantly blocks neuronal transport and reduces the replication of RSA59, whereas RSMHV2 remains unaffected. R SA59 (demyelinating [DM]) and RSMHV2 (nondemyelinating [NDM]), enhanced green fluorescent protein (EGFP)-expressing recombinant strains of mouse hepatitis virus (MHV) are isogenic except for the spike gene, which encodes a glycoprotein expressed on the virion envelope that mediates many biological properties of MHV (1-5). Histopathological studies demonstrated that brain pathology from infection with either strain consists of encephalitis, characterized by parenchymal lymphocytic infiltrates and microglial activation with associated lymphocytic meningitis, but the strains differ in their abilities to induce demyelination and axonal loss. Evaluation of axonal loss and demyelination in spinal cord, where there is a clear separation of gray matter and large white-matter tracts, showed that RSA59 infection begins in the neuronal cell body, propagates centripetally to the axon, and subsequently induces axonal degeneration and demyelination (1, 3). RSMHV2 infection is mainly restricted to gray matter, is unable to spread from gray to white matter, and as a result cannot induce demyelination. In optic nerve (another white-matter tract), RSA59 induces inflammation and subsequent demyelination and axonal loss following intracranial inoculation, whereas RSMHV2 does not (3, 4, 6) . RSMHV2 shows impaired spread in spinal cord and optic nerve compared to RSA59, highlighting the important role of spike-mediated transneuronal spread in axonal damage and demyelination. Differential spreading in the CNS could be due to interactions between the spike protein and host neuronal cytoskeleton proteins involved in anterograde and retrograde movement along the microtubule tracks, as seen in some human neurotropic viruses (7-12). Thus, the failure of NDM strains to trigger myelin damage could be entirely a function of failure of microtubule-mediated transport to the white matter. Indeed, evidence shows that the JHM strain of MHV spreads transneuronally, with MHV protein trafficking dependent on the presence of microtubules (13). Therefore, possible involvement of microtubule-mediated axonal transport of RSA59 in comparison to RSMHV2 was studied in colchicine-or vinblastine-treated Neuro2a cells to determine whether spike protein mediates microtubule-mediated neuronal transport. Colchicine and vinblastine are known microtubule-depolymerizing agents that have been shown to be effective blockers of the axonal transport system both in vivo and in vitro (14-16).
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SA59 (demyelinating [DM]) and RSMHV2 (nondemyelinating [NDM])
, enhanced green fluorescent protein (EGFP)-expressing recombinant strains of mouse hepatitis virus (MHV) are isogenic except for the spike gene, which encodes a glycoprotein expressed on the virion envelope that mediates many biological properties of MHV (1) (2) (3) (4) (5) . Histopathological studies demonstrated that brain pathology from infection with either strain consists of encephalitis, characterized by parenchymal lymphocytic infiltrates and microglial activation with associated lymphocytic meningitis, but the strains differ in their abilities to induce demyelination and axonal loss. Evaluation of axonal loss and demyelination in spinal cord, where there is a clear separation of gray matter and large white-matter tracts, showed that RSA59 infection begins in the neuronal cell body, propagates centripetally to the axon, and subsequently induces axonal degeneration and demyelination (1, 3) . RSMHV2 infection is mainly restricted to gray matter, is unable to spread from gray to white matter, and as a result cannot induce demyelination. In optic nerve (another white-matter tract), RSA59 induces inflammation and subsequent demyelination and axonal loss following intracranial inoculation, whereas RSMHV2 does not (3, 4, 6) . RSMHV2 shows impaired spread in spinal cord and optic nerve compared to RSA59, highlighting the important role of spike-mediated transneuronal spread in axonal damage and demyelination. Differential spreading in the CNS could be due to interactions between the spike protein and host neuronal cytoskeleton proteins involved in anterograde and retrograde movement along the microtubule tracks, as seen in some human neurotropic viruses (7) (8) (9) (10) (11) (12) . Thus, the failure of NDM strains to trigger myelin damage could be entirely a function of failure of microtubule-mediated transport to the white matter. Indeed, evidence shows that the JHM strain of MHV spreads transneuronally, with MHV protein trafficking dependent on the presence of microtubules (13) . Therefore, possible involvement of microtubule-mediated axonal transport of RSA59 in comparison to RSMHV2 was studied in colchicine-or vinblastine-treated Neuro2a cells to determine whether spike protein mediates microtubule-mediated neuronal transport. Colchicine and vinblastine are known microtubule-depolymerizing agents that have been shown to be effective blockers of the axonal transport system both in vivo and in vitro (14) (15) (16) .
Neuro2a cells were phenotypically characterized by immunofluorescence analysis performed with primary antibodies directed against axonal and dendritic microtubules TAU (Sigma) and microtubule-associated protein-2 (MAP2) (2A ϩ 2B) (Sigma) in combination with tetramethyl rhodamine isothiocyanate (TRITC)-conjugated secondary goat anti-mouse IgG to distinguish between axonal and somatodendritic compartments, respectively. Immunostained cells were then mounted in Vectashield with DAPI (4=,6-diamidino-2-phenylindole; Vector Laboratories). Cell organellespecific TAU and MAP2 staining demonstrated that under our culture conditions, Neuro2a cells differentiated into a neuronal phenotype with dendritic processes (Fig. 1A) and axonal projections (Fig. 1B) .
Confluent cultures of differentiated Neuro2a cells were treated with colchicine (12.5 pM to 12.5 mM) and vinblastine (30 nM to 3 mM) for 24 h. After 24 h of colchicine and vinblastine treatment, Neuro2a cells were processed for immunostaining with microtubule marker MAP2 and TAU to detect disruption of dendritic and axonal microtubules. Microtubule disruption was phenotypically obvious from microscopic observations in both colchicine-and vinblastinetreated cultures in a dose-dependent manner ( A59 parental strain (17) . The size of syncytia increased until 36 h before resolving. One such syncytium with viral spread is shown in Fig. 2 . EGFP expression was evident in both dendrites (arrowheads) and axons (arrows) in newly infected neurons (as shown in Fig. 2C and D) . At a later time point (4 h 15 min), viral antigen propagated to another neuron through axon terminals (Fig. 2E) and EGFP expression drastically decreased in the originally infected neuron (seen in Fig. 2C and D) . The abilities of RSMHV2 to replicate and spread in Neuro2a cells were compared to those of RSA59. In RSMHV2-infected cultures (Fig. 2F to J) , viral infection was restricted only to the initially infected neurons with little or no spread to adjacent cells observed until 36 h, when the infected cell typically lysed.
Parallel cultures of Neuro2a cells were treated with colchicine and vinblastine for 24 h and infected with RSA59 and RSMHV2 at an MOI of 0.5 (1 viral particle/2 cells) to measure viral replication. At 0, 6, 12, and 20 h postinfection (p.i.), cultures were monitored for replication and viral antigen (EGFP) spread by fluorescence microscopy. At 20 h p.i., culture supernatants were collected for viral titer estimation (viral replication) and images of infected cells were acquired and analyzed to assess viral antigen spread (by EGFP fluorescence). Infected cells were fixed using 4% paraformaldehyde (PFA), washed with PBS, and counterstained with DAPI for microscopic observations. The efficiency of RSA59 with respect to infecting cells and spreading from one neuron to another was reduced significantly with increasing doses of colchicine and vinblastine (Fig. 3) . In control cultures, RSA59 viral antigen was initially observed in cell bodies with subsequent spread to neural processes followed by infection of the cells connected via the neural process (dendrites or axons). Viral antigen (EGFP) expression was significantly lower in the neuronal processes of cells in the colchicine-and vinblastine-treated cultures due to disruption of microtubules (Fig. 3) . In contrast, in both colchicineand vinblastine-treated and control cells, EGFP expression of RSMHV2-infected cells was mainly localized in cell bodies and axonal processes, demonstrating that axonal disruption did not significantly affect the spread of RSMHV2 from neuron to neuron (Fig. 3) .
While colchicine and vinblastine in Neuro2a cells equally affected neuronal transport and subsequent spread of RSA59, neither colchicine nor vinblastine affected spread of RSMHV2. Similarly, neither microtubule-disrupting agent affected the fusion properties of RSA59, as fusion was evident in all colchicine-and vinblastinetreated cultures. The results are in agreement with previous findings that colchicine and cytochalasin do not affect the fusogenic property of MHV in fibroblast cultures (18) .
For estimation of viral replication, culture supernatants from control mock-infected cultures, and from RSA59-and RSMHV2-infected cultures, were serially diluted and added to a confluent monolayer of L2 cells in 6-well plates for routine plaque assay (19) . Interestingly, the viral titer showed a small decline in RSA59 numbers in microtubule-disrupted cultures, in a dose-dependent manner. As colchicine and vinblastine concentrations increased, the viral titer decreased accordingly (Fig. 4A) . This indicates that viral replication and infection were dependent on microtubule-dependent axonal transport. In contrast, and consistent with microscopic observations shown in Fig. 4 , no significant differences in titers were observed following RSMHV2 infection (Fig. 4B) . This revealed that in RSMHV2 infection, replication and interneuronal spread were independent of axonal transport, in contrast to RSA59 infection.
To confirm that the reduction of viral titer was due to reduced viral spread through neuron, and not due to cytotoxicity caused by colchicine and vinblastine, viability of infected cells was determined using the MTT assay at the time that culture supernatant was collected. Viral titers were normalized to the number of live cells determined by the MTT assay and plotted against concentrations of colchicine and vinblastine. Normalization data revealed that, irrespective of colchicine and vinblastine cytotoxicity, there was a reduction of viral replication in RSA59-infected but not in RSMHV2-infected cultures. Clear syncytium formation (observed in Fig. 3 ) at different concentrations demonstrates that the reduced titer was due to transport deficiency rather than altered fusion properties. Moreover, if colchicine and vinblastine affected cell-to-cell fusion in addition to neuronal spread, then drastic reduction of viral titer should have been observed. RSMHV2, irrespective of the presence or absence of colchicine or vinblastine treatment, was fusion defective.
It had been previously reported that microtubules play an important role in transneuronal spread of the JHM strain of MHV, but our studies reveal for the first time that microtubules also play a major role in transneuronal spread of isogenic strains of MHV, RSA59, and RSMHV2 that differ only in the spike gene. While some interaction of MHV nucleocapsid protein with the axonal transport machinery and accessory cargo proteins has been previ- ously reported (13) , the spike-mediated mechanisms of transport of MHV remain to be determined. 
